We propose a novel technique of integrating silica nanowires to carbon microelectrode arrays on silicon substrates. The silica nanowires were grown on photoresist-derived three-dimensional carbon microelectrode arrays during carbonization of patterned photoresist in a tube furnace at 1000
Introduction
Carbonization of photoresist micropatterns at high temperature can transform them into amorphous carbon microstructures with well-maintained structural integrity, tunable electrical and electrochemical properties and excellent biocompatibility [1] [2] [3] [4] . Photoresist-derived three-dimensional (3D) carbon microelectrode arrays (CMEAs) are considered as a promising solution for downscaling of collectors and electrodes for miniaturized carbon-based devices such as biofuel cells, biosensors and supercapacitors [5] . However, practical applications of CMEAs are hindered by the limitation of the small area footprint required for miniaturized designs.
On the other hand, synthetic low-dimensional nanostructures present an emerging route toward miniaturization of device components with enhanced performance and functionality [6] [7] [8] . Introducing carbon nanotubes (CNTs) to CMEAs has shown enhanced specific capacitance as reported recently [9] . An effective integration approach to equip CMEAs with nanowires will not only provide a promising solution to 0957-4484/11/465601+08$33.00offset the negative influence of miniaturization of structures, but also enable novel micro-nano-integrated 3D structures to promote the advance of bionanotechnology [10] [11] [12] [13] [14] . However, the integration of nanowires to CMEAs is very challenging, and is hindered not only by the difficulty in synthesizing them in predetermined locations, but also by the challenge of fabricating nanowires with precisely controlled chemical composition and desired physical properties [15, 16] .
In this study, we report simultaneous growth and integration of silica nanowires to 3D CMEAs via carbonization of micropatterned photoresist. Silica nanowires have been previously selectively grown on silicon substrate; the methods all involved controlling the active catalyst sites selectively on the silicon substrate by selective ion implantation [17] , selective deposition [18, 19] or selective thick silicon oxide blockage [20] . In this paper, we develop a robust and easy way to realize the integration of silica nanowires to carbon microstructures by combining photolithography, copper metal sputtering and high temperature carbonization of photoresist. The growth mechanism is investigated to interpret the unique integration behaviour. Taking advantage of unique physical and electronic properties and biocompatibility of silica nanowires [21, 22] , the electrochemical properties of the micro-nano-integrated 3D CMEAs are further explored. To the best of our knowledge, we are reporting silica nanowires integrated to three-dimensional carbon microelectrode arrays for the first time.
Experimental details

Synthesis of nanowire-integrated CMEAs
The typical process flow of our method is schematically presented in figure 1 . The substrate used in the paper was phosphorus doped n-type silicon 100 wafer with a resistivity of 0.01-0.02 cm. Thick SU-8 photoresist (Microchem Nano SU -8 100) was first spin-coated on cleaned Si/SiO 2 (5 nm native oxide layer) wafer which served as a substrate, as shown in figure 1(a) . In our typical process, the 130 μm thick SU -8 photoresist film on silicon wafer was obtained by spinning at 500 rpm for 50 s and at 2000 rpm for 100 s. After a soft bake process at 40
• C for 30 min and 120
• C for 2 min, exposure was performed by a Karl Suss MJB3 contact aligner for 80 s at 150 mW cm −2 . A post bake process was carried out at 95
• C for 30 min. Following 1 h delay time, development was carried out using an SU -8 developer from MicroChem. The patterned 3D photoresist microstructure was obtained as shown in figure 1(b) .
As shown in figure 1(c), a thin layer (nanoscale order) of Cu was sputtered on the pattern surface. The sample was then put into an alumina tube furnace to carbonize the photoresist during the pyrolysis process as shown in figure 1(d) . Figure 1 (e) shows the typical temperature control curve involving the gas atmosphere changes during the pyrolysis step of figure 1(d). After the furnace was evacuated to 10 −3 Torr, N 2 gas flow was introduced (2000 sccm). The furnace was heated up to 300
• C at a heating rate of about 12
• C min −1 and maintained for about 40 min. At this point the N 2 gas was shut off and H 2 gas (150 sccm) was introduced for 1 h; at the same time, the samples were heated up to 1000
• C min −1 . Then the H 2 gas was shut off and forming gas (5% H 2 in N 2 ) was introduced (2000 sccm). After being maintained at 1000
• C for 2 h, the heater was turned off and the samples were naturally cooled down in N 2 atmosphere to room temperature.
The morphologies of the obtained products were characterized by scanning electron microscopy (SEM, Quanta 200), and the nanowires were further investigated and analyzed by a high resolution transmission electron microscope (HRTEM, Tecnai 12) equipped with energy-dispersive x-ray (EDX).
Electrochemical characterization
The positive photoresist used for fabrication of the carbon collector was PR1-4000A (Futurrex, Inc., USA). Our typical process involved spinning at 2000 rpm for 40 s and baking for 90 s on a hotplate at 120
• C. Then carbonization was carried out as mentioned above, leading a 2 μm carbon film. CV measurements were performed using a electrochemical workstation (CS 310, CorrTest Instrument Co., Ltd) with a N 2 flowed typical three-electrode cell, with a nanowireintegrated CMEA as the working electrode, an Ag/AgCl electrode as the reference electrode, and a platinum wire as the counter electrode. The electrolyte was 1 M Na 2 SO 4 aqueous solution. Figure 2 shows the typical SEM images of nanowire-integrated CMEAs obtained after 2 h carbonization of micropatterned photoresist at a temperature of 1000
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• C, where a 30 nm Cu layer was sputtered before pyrolysis. The electrode array with a height of around 100 μm and diameter of around 18 μm is shown in figure 2 (a). It is obvious that the electrode surface is equipped with abundant nanowires, as shown in figure 2(b) with a magnified view, while few nanowires could be observed on the substrate. It is also observed that micro or nano islands transforming from the sputtered Cu film are distributed randomly on the Si substrate, and inhomogeneously etched pits also appear on the substrate. On the electrode surface, some nanowires can also be clearly observed on the particles, which were Cu-rich islands verified by EDX analysis of the marked particle shown as an inset in figure 2(c).
Further characterizations of these nanowires are shown in figure 3. 
Discussion of the mechanism
In this study, the Si source for the growth of silica nanowires on the carbon posts could only come from the silicon substrate, so a Si-related vapor source was apparently involved. Furthermore, Cu-rich particles were found on the tips of the nanowires, as shown in figure 2(c), therefore a Cu-catalyzed vapor-liquid-solid mechanism was involved. However, the conventional metal-catalyzed vapor-liquid-solid mechanism is not enough to explain the rich growth of nanowires on the carbon surface since few nanowires were observed on the silicon substrate. Although a few works have been reported on carbon-assisted synthesis of silica nanowires [23] [24] [25] [26] , there have been no reports regarding the simultaneous growth and integration of nanowires via carbonization of patterned SU -8 photoresist. In order to better understand the growth mechanism of the nanowires on CMEAs, we conducted more experiments to investigate the effects of the carbonization process. In the first experiment, the pyrolysis temperature was decreased to 900
• C with an initial Cu coating of 30 nm; nanowire growth was not observed except that Cu islands were randomly distributed on both the substrate and the carbon posts, as shown in figures 4(a) and (b). This indicates that the carbonization temperature is critical for the nanowire growth. At higher temperatures, since the copper atoms could act as dopant source and diffuse inside the crystalline structure of silicon, copper atoms would facilitate the silicon atoms to break their crystalline bonds, which would speed up the supply of Si source for nanowire growth. In the second experiment, a Cu layer of 30 nm was later sputtered on the bare CMEAs which were obtained under carbonization of 1000
• C, and then the sample was repeatedly carbonized for a second time; still no nanowires were observed, as displayed in figures 4(c) and (d). This indicates that the carbonization process is essential for the nanowire growth and integration. In the third experiment, we further investigated the surface morphology of the carbon microelectrode. Figures 4(e) and (f) show the results for a sample without the initial sputtering of a Cu layer, which was carbonized at 1000
• C for 2 h following the same temperature control curve presented in figure 1(e) . The growth of nanowires was not observed, while the post shrunk greatly with the diameter decreasing from the original 50 μm (indicated with the arrow in figure 4(e)) to around 25 μm and the height from 30 μm to around 20 μm, as shown in figure 4(e) . Meanwhile, the surface of the post was characterized as shown in figure 4(f) , where a strong wrinkled surface is observed. This indicates that a strong stress was generated during the carbonization process. In all the experiments above, it was found that the etched pits on the substrate almost coexisted with the nanowires. It is implied that the etched pits were related with the Si source of the nanowire growth. To understand the origin of the Si source, we investigated the substrate surface after the carbonization process. Figures 4(g) and (h) show the typical morphology of the etched pits on the substrate at 1000
• C and EDX analysis of different regions. Region A was mainly composed of Si. Region B was mainly Cu-Si alloy islands with only a few nanowires grown on them. By comparing the results of figures 2 and 4(e), it is thought that the sputtered Cu layer also played a critical role on the etching of the substrate. In addition, it was observed that silicon wafer with the orientation 100 was easier etch than that with the orientation 111 . In the study, all the experimental work was conducted based on the wafer-type 100 .
In this study, the effect of changing the time was also investigated by varying the carbonization duration (10, 30 and 60 min, 2, 3 h) while maintaining the temperature at 1000
• C and without varying other process parameters. It was found that no nanowires can be observed at 10 min, as shown in figure 5 (a), a few short nanowires can be observed at 30 min, as shown in figure 5(c) , while many more longer nanowires can be observed at 60 min, as shown in figure 5(e). When the time reached 2 h, relatively longer and dense nanowire growth can be observed, as shown in figure 2. When we extended the growth time to 3 h, no very obvious difference was observed regarding nanowire density and length. By analyzing the corresponding etching pits of the silicon wafer surface, it was found that little etching was observed on the silicon surface at 10 min, as shown in figure 5(b) , slight etching was observed after 30 min, as shown in figure 5(d) , more etching was observed after 1 h, as shown in figure 5(f) , and deeper etching could be clearly observed after 2 h, as shown in figure 4(g) . The effect of time can be understood since the Si source is self-supplied from etching of the silicon wafer surface and enough time is required to etch the silicon.
As observed in the above experiments, the Cu islands on the carbon surface are much more primed for the growth of nanowires and the nanowire growth phenomenon was not observed without the high temperature carbonization process; it is suggested that a synergetic mechanism of both Cucatalysis and carbonization-assisting lead to the growth and integration of silica nanowires on CMEAs. In particular, the contributions of carbonization could be explained as follows. (i) Carbonization induced strong shrinkage of the micropatterns caused by the strong thermal and mechanical stresses over the surfaces of the microelectrodes, leading to wrinkled surface morphologies as shown in figure 4(d) . These stresses could be helpful to facilitate the evolution of the Cu islands on the roughened surfaces of the carbon electrodes.
(ii) The carbon oxides released by decomposition of carbon precursor during the carbonization process or the photoresist-derived carbon itself might react with the SiO vapor released from the Si substrate (which will be discussed in the following) to facilitate the formation of Cu-Si alloy droplets and nuclei over the surfaces of the carbon electrodes, which are active for nanowire growth through the vaporliquid-solid mechanism [27] . (iii) The reaction of the released CO with O 2 releases high energy to generate local temperature gradients on the alloy droplets over the surfaces of the carbon electrodes, which facilitate the nuclei formation and nanowire growth under SiO vapor environment [23] .
Based on the above analysis, we propose the synergetic growth mechanism schematically shown in figure 6 . As shown in figure 6(a) , a Cu layer is deposited on the surface of the patterned photoresist. During the thermal heating process, the thin Cu film breaks and recrystallizes into islands over the sample surface, as shown in figure 6(b) , which is supported by figures 4(a) and (b). Meanwhile, SiO vapor begins to generate from the substrate through the reaction of SiO 2 with Si under Cu catalyzing inhomogeneously by reaction (1) [28] , where (s) and (g) denote the solid and gas phases respectively, leading the exposure of silicon to the tube environment. Then, more SiO vapor is generated through active oxidation of exposed Si via reaction (2) [29] , leading to the inhomogeneous etched pits on the Si substrate. The proposed formation mechanism of the SiO vapor is also supported by figures 4(g) and (h). Under the rich SiO vapor environment, Cu-Si alloy droplets are formed on the electrode surfaces, which are preferred nucleation sites for silica nanowire growth, as shown in figure 6(c) , where the details of the carbonization effects on the formation of alloy droplets have been discussed before. Finally, by continuously dissolving Si and O onto the alloy droplets, the silica nanowires grow through the vapor-liquid-solid (VLS) mechanism, as shown in figure 6(d) . In addition, the oxygen source could come from the leakage of our furnace vacuum system [30] , and the H 2 flow is helpful for the growth of the nanowires since the reductive gas reacts with the oxygen, which makes the oxygen partial pressure much lower and keeps the oxidation of Si in the active oxidation regimes [31] .
The Cu layer thickness dependence of the nanowire growth
In the paper, we also studied the effect of Cu coating thickness on nanowire growth following the same process as presented in figure 1 . Figure 7 shows the obtained products with different thicknesses of Cu layer ranging from 2 to 50 nm sputtered initially. With only about a 2 nm Cu layer, except for some etched pits, no nanowires or Cu islands were clearly observed, as shown in figures 7(a) and (b). When a 10 nm Cu layer was applied, curly fluff-like silica nanowires were observed on top of the carbon micro-posts, as shown in figures 7(c) and (d), where the curly fluff-like morphology of the integrated nanowires was quite different from the dense long nanowires shown in figure 2 . Compared with the densely grown long nanowires shown in figure 2 , where a 30 nm Cu layer was applied, the growth behavior was quite different. With a 20 nm Cu layer used, the growth phenomena, that both that side wall and top of the carbon post were covered with nanowires, were similar to the results of figure 2, while the amount of nanowires was less, as shown in figures 7(e) and (f). When we increased the thickness of the Cu layer to 50 nm, neither the nanowire growth phenomenon or etched pits were observed, as shown in figures 7(g) and (h), in which only much larger Cu islands were distributed on both the posts and the substrate. Based on the above results, it is concluded that the Cu catalyzed the growth of the nanowires and its coating thickness eventually determines the size of the catalyst, which is very critical for nanowire growth. In the appropriate range, a thicker Cu layer led to larger Cu islands which catalyzed the growth of nanowires with larger diameters. When the Cu layer was too thick, i.e. thicker than 50 nm, the size of the obtained Cu islands was too large to be a catalyst for the nanowire growth. The underlying way in which the Cu particles catalyze the nanowire growth is discussed in the following section. In this work, a 30 nm thick Cu layer was applied in the typical process.
Electrochemical properties
In this work, we further investigated the electrochemical properties of the nanowire-integrated CMEAs by depositing a carbon-film-based current collector, where a positive photoresist was firstly spin-coated on Si wafer (see section 2 for details), then pyrolyzed to the carbon layer following the carbonization process. Then a second layer of nanowireintegrated CMEAs was produced following the typical process, where a separate Si wafer with a sputtered Cu layer of 30 nm was placed right on top of the sample wafer to provide the Si source. Figures 8(a) and (b) show the fabricated two-layer 3D CMEAs and a single carbon microelectrode respectively. Abundant grown silica nanowires can be observed on the whole surfaces of the CMEAs, which validates the proposed mechanism and was quite likely due to the large amounts of Si source from the cap wafer. Figure 8 (c) shows the measured results of the cyclic voltammetry (CV) curve for the electrochemical performance of the fabricated sample. For comparison purposes, we also fabricated blank CMEAs and CMEAs with copper particles when the cap wafer was not used, and their CV curves were measured. The specific capacitance of the measured sample was calculated based on the equation
where (E 2 − E 1 ) is the potential window width and m is the mass of the individual sample, υ is the potential scan rate. Compared with blank CMEAs, the current density was increased slightly for integrated copper particles, while it was greatly increased for integrated silica nanowires. The obtained specific capacitances were 1.24, 2.32 and 16.54 F g −1 for the blank sample, the sample integrated with copper particles and the sample integrated with silica nanowires, respectively. It was concluded that the improvement of over 13 times increase of specific capacitance from the blank sample to the nanowireintegrated CMEA sample was mainly due to the integration of silica nanowires. It is worth mentioning that integrating CNTs to CMEAs results in a 20 times increase of specific capacitance [9] . The enhanced specific capacitance can be attributed to the larger surface area and the strong wettability of silica nanowires [9, 32, 33] .
It is suggested that silica nanowires can be integrated to greatly enhance the electrochemical performance, which can be further improved by optimized designs and processes. The results imply that the nanowire-integrated CMEAs can be not only a promising building block for miniaturized devices and systems for applications in electrochemical, biological and energy-related fields, such as electrochemical sensors, biosensors, microbatteries, and supercapacitors, but also as a potential bio-microplatform to promote the advancement of bionanotechnology.
Conclusion
In summary, densely grown silica nanowires were integrated to 3D CMEAs via carbonization of micropatterned photoresist, demonstrating excellent electrochemical performance. Carbonization-assisted nucleation and growth are identified together with a Cu-catalyzed VLS mechanism to interpret the formation process of these structures, where the Cu thickness also plays a critical role. We observed that a Cu thickness of around 30 nm produces densely and uniformly distributed nanowires around the electrodes. The nanowire-integrated carbon microelectrode arrays exhibited an increased specific capacitance of over 13 times that of the blank ones. This work presents a unique and facile route to fabricate nanowireintegrated CMEAs for applications in diverse fields.
